Abstract: Decreased ability to control posture is correlated with the risk of falls among older individuals. In particular, reactive postural control ability response to even small perturbations is important for fall prevention of older individuals. The current study sought to design a new wearable assistive device for improving balance function by generating small perturbations using pneumatic gel muscle (PGM). Furthermore, we investigated the effects of using the proposed device for balance training. The proposed wearable balance exercise device utilized PGMs possessing various features, such as a lightweight design and the ability to generate small perturbations with a small power source. We investigated the effects of the device on reactive postural control exercises. Seven healthy participants participated in this study. Three-dimensional acceleration data (Ax, Ay, and Az) were measured from participants during a single leg stance in each session. The peak Ax value generated by perturbations and responses significantly differed from baseline peak acceleration. The peak Ay value caused by perturbations was significantly decreased compared with baseline peak acceleration. In addition, the root mean square Ax value of the post-test significantly decreased compared with the pre-test value. Our results revealed that the proposed wearable balance exercise device was able to create small perturbations for assessing reactive postural balance control. Furthermore, the device was able to improve users' stability.
Introduction
Fall prevention is important for extending the healthy lifespan of older individuals. Aging often causes disability related to muscle weakness, balance dysfunction, decreased joint kinetics, and kinematics during gait [1] [2] [3] . A decrease in the ability to control posture is correlated with the risk of fall among older individuals [4] . A previous study reported that balance impairment increases the risk of fall by 1.2 to 2.4 times [5] . Thus, improvement of balance function is important for the extension of the healthy life span of older individuals. To address this issue, physical therapists often provide balance-focused exercises for patients or older individuals, promoting the improvement of balance function. Previous studies revealed that balance exercises can improved balance function of healthy older individuals as well as prevent falls [6, 7] . However, the improvement of balance function is difficult because balance function involves many components. Horak et al. [8] reported that balance is composed of many factors, including sensory, strength, motor coordination, and alignment. Sibley et al. [9] proposed the following nine components of balance: functional stability limits, underlying motor systems, static stability, dynamic stability, verticality, anticipatory postural control, sensory integration, cognitive influences, and reactive postural control. Although balance exercises can reduce the risk of falls, appropriate exercise programs designed for older individuals' body functions and structure are required [10] . Balance exercises used for reactive postural control and stability are particularly important for fall prevention because reactive postural control is necessary for withstanding unexpected perturbations. Most older individuals exhibit decreased reactive postural control and dynamic stability. Compared with stable older individuals, unstable older individuals exhibit prolonged tibialis anterior muscle latency when experiencing unexpected fall conditions [11] . In addition, unstable older individuals tend to change their center of pressure (COP) trajectory in response to even small perturbations, compared with stable older individuals [12] . Exercises focused on reactive postural control and dynamic stability can improve postural control ability among older individuals. Pai et al. [13] reported that older individuals perform feed-forward control to prevent unexpected slips by mimicking slippery conditions. Zha et al. [14] reported that a balance assistance exoskeleton was able to help human single step balance strategies against perturbations. Another previous study reported that balance exercises using robotics to present perturbations can improve COP control and stability [15] . Moreover, systematic reviews also reported that perturbation-based balance exercises could reduce the risk of falls among older individuals [16] . However, balance exercises for reactive postural control have some limitations. First, these methods typically require large and expensive devices for generating perturbations. Second, these devices tend to be heavy, requiring metal frames and power sources. Finally, these methods can only be conducted in specific settings, such as laboratories or hospitals, because they require large devices and specialized environments. Thus, it is difficult for older individuals and patients to continue balance exercises for reactive postural control in their homes or other facilities.
Recently, a number of wearable assistive devices have been developed for human health and rehabilitation. These devices can assist human movement and aid activities of daily living. In many cases, soft wearable assistive devices use lightweight materials as actuators. Jin et al. [17] reported that a soft robotics suit using elastic bands improved gait kinematics and spatiotemporal parameters. Pneumatic artificial muscles are a useful actuator type that can be utilized in wearable assistive devices. This type of device has a number of beneficial characteristics, such as being lightweight, flexible, and inexpensive, compared with large exoskeleton devices. Although pneumatic artificial muscles are not able to generate large forces, previous studies reported that they can aid human movement and activities of daily living. Wearable walking suits using a pneumatic artificial muscle were reported to decrease muscle activity during gait [18] . In addition, a wearable force-feedback glove using pneumatic artificial muscles decreased upper limb muscle activity during upper limb movement [19] . Thus, soft wearable assistive devices may also contribute to the improvement of balance function.
In the current study, we designed a new wearable assistive device for improving balance function by generating small perturbations using pneumatic artificial muscles. In designing a device that could be applied in balance exercises, several features were incorporated, including lightweight design, the ability to generate small perturbations with a small power source, and the ability to assess reactive postural control.
The main contribution of the current paper is the development of a new wearable balance exercise device that is lightweight, portable, and able to generate small perturbations during exercise. Considering these feature requirements, we used pneumatic artificial muscles and a small CO 2 tank for a wearable balance exercise device. Moreover, we used a three-dimensional accelerometer to determine whether this device was able to generate small perturbations and to examine whether users exhibited reactive postural control after the perturbations. This paper is organized as follows. The background and purpose of this study are introduced in Section 1. In Section 2, the materials involved in the wearable balance exercise device are described, including the pneumatic artificial muscles and measurement protocol. In Section 3, the results of a series of tests of the device and the effects of the generated perturbations are presented. Section 4 discusses the effects of this device. Finally, Section 5 draws conclusions based on the current findings and provides several suggestions for future research.
Materials and Methods

Pneumatic Gel Muscle
We used pneumatic gel muscles (PGMs; Daiya Industry Co. Ltd., Okayama, Japan) for the wearable balance exercise device. The PGMs are shown in Figure 1 . The PGM is a type of pneumatic artificial muscle. Although the structural design of a PGM is similar to that of the McKibben type pneumatic artificial muscle, it contracts less than the pneumatic artificial muscle at lower air pressures, thereby reducing the power requirements. Ogawa et al. [20] reported that the PGM possesses a force-generating capacity ranging from 50 kPa to 300 kPa of air pressure. The PGM consisted of a protective mesh and styrene-based thermoplastic elastomer inner tube and was used for wearable assistive devices in a previous study [18] . By using styrene-based thermoplastic elastomer inner tubes, artificial muscles are able to generate a greater force. This means that the air pressure required for actuating the PGM can be reduced compared with conventional pneumatic artificial muscles because of the characteristics of the inner tube [20] . In the current study, we used four PGMs with natural lengths of 250 mm. 
Materials and Methods
Pneumatic Gel Muscle
Construction of Wearable Balance Exercise Device
We designed a soft wearable device for balance exercise using PGMs. The proposed device is shown in Figure 2 . The device consists of a soft supporter, a soft pelvic belt, a PGM controller, an inertial measurement units (IMU) sensor, and four PGMs. Our purpose includes the design of a lightweight device for balance exercise because it is important to be able to use the device in a range of settings with a high level of portability and to easily attach the device in clinical site. The proposed device weighed only 0.9 kg, and it took less than 3 min for a beginner to attach the device. A Babo care and Zw-3 (NIPPON SIGMAX Co., Ltd., Tokyo, Japan) were used for soft support of the trunk and pelvis. The soft supporter and pelvic belt were used to support and affix the four PGMs. The two PGMs were attached on the front of body, and the other two PGMs were attached on the back of the body. The PGMs were attached to both sides of the acromion processes and pointed vertically down to the height of the iliac crest. Namely, the right side PGMs cause right side trunk bending from the positional relationship between the same side of PGMs and facet joints because the trunk has many facet joints of thoracic and lumber vertebrae. The system was divided into two sides: the controller side, which sends control signals, and the receiver side, which controls the PGMs. Both sides were controlled by ESP-WROOM-32 (Espressif Systems Pte. Ltd., Shanghai, china) and connected via WiFi.
As shown in Figure 3 , five switches were implemented on the controller side. Each blue switch corresponded to the PGM control at each position; the front side of two PGMs contraction, the back side of two PGMs contraction, the left side of two PGMs contraction, and the right side of two PGMs contraction. Therefore, if the left or right side of the PGMs contracted, the device made the user bend the left or right side of the trunk, respectively. Conversely, if the antero-posterior side of PGMs contracted, the device induced trunk flexion or extension in the user. The yellow switch transmitted a signal indicating the start of measurement.
The receiver side had a solenoid valve to control PGMs and an M5Stack FIRE (M5Stack, Shenzhen, China). Air was supplied to the PGMs from a small CO2 tank, and the PGMs were controlled by turning on/off the solenoid valve according to the received signal. The M5Stack FIRE 
Appl. Sci. 2019, 9, x FOR PEER REVIEW 4 of 14 was equipped with an IMU (MPU 6050, TDK InvenSense, Seoul, Korea) and an SD card writer for outputting time-stamp, acceleration data, and the timing of PGM activation at each position. The left side shows the hand switch for PGM contraction. The yellow switch is the start measurement button. The blue switches are the PGM contraction buttons for each direction. The right side shows the small air tank for PGM contraction. The tank was only 0.19 m in length.
Although IMU signal information and COP signal information are different, the IMU sensor can be used to assess postural sway. Previous studies reported that acceleration data during standing and stepping were strongly correlated with COP data [21, 22] . The perturbation during the standing position not only affected COP shift, but also center of mass (COM) shift [23] . Therefore, the IMU sensor could be used to assess postural stability if it was attached close to the COM position without the need for large specialized equipment. This device control mechanism is shown in Figure 4 . The left side shows the hand switch for PGM contraction. The yellow switch is the start measurement button. The blue switches are the PGM contraction buttons for each direction. The right side shows the small air tank for PGM contraction. The tank was only 0.19 m in length.
Although IMU signal information and COP signal information are different, the IMU sensor can be used to assess postural sway. Previous studies reported that acceleration data during standing and stepping were strongly correlated with COP data [21, 22] . The perturbation during the standing position not only affected COP shift, but also center of mass (COM) shift [23] . Therefore, the IMU sensor could be used to assess postural stability if it was attached close to the COM position without the need for large specialized equipment. This device control mechanism is shown in Figure 4 . The receiver side had a solenoid valve to control PGMs and an M5Stack FIRE (M5Stack, Shenzhen, China). Air was supplied to the PGMs from a small CO 2 tank, and the PGMs were controlled by turning on/off the solenoid valve according to the received signal. The M5Stack FIRE was equipped with an Appl. Sci. 2019, 9, 3108 5 of 14 IMU (MPU 6050, TDK InvenSense, Seoul, Korea) and an SD card writer for outputting time-stamp, acceleration data, and the timing of PGM activation at each position.
The left side shows the hand switch for PGM contraction. The yellow switch is the start measurement button. The blue switches are the PGM contraction buttons for each direction. The right side shows the small air tank for PGM contraction. The tank was only 0.19 m in length.
Although IMU signal information and COP signal information are different, the IMU sensor can be used to assess postural sway. Previous studies reported that acceleration data during standing and stepping were strongly correlated with COP data [21, 22] . The perturbation during the standing position not only affected COP shift, but also center of mass (COM) shift [23] . Therefore, the IMU sensor could be used to assess postural stability if it was attached close to the COM position without the need for large specialized equipment. This device control mechanism is shown in Figure 4 . To generate a small perturbation, it is necessary to know the contraction force generated by the PGM. Previous studies reported that the PGM contraction force was related to the stretched length and magnitude of air pressure [20, 24] . In accordance with a previous study [24] , the equation of the PGM contraction force was expressed as follows: (1) where Fcont is the contraction force generated by the PGM. L is the displacement length of the PGM from the stretched length of the PGM to rest length of the PGM, and P is the internal air pressure of the PGM. The a, b and c of the equation correspond to the coefficients 0.08857, 0.02618, and −0.02343, respectively [24] . One male volunteer with a standard build (height; 1.71 m, weight; 59.0 kg) participated for measuring the displacement length of the PGM while wearing the wearable balance exercise device. The measurement revealed a displacement length of the PGM of 150 mm. Therefore, if the PGM of the device was contracted in a 0.2 MPa condition, the PGM generated 24.7 N per PGM.
Participants and Measurement Protocol
To assess reactive postural control during a balance exercise with the proposed device, seven healthy participants (six males and one female) participated in this study. The mean age of the participants was 23.9 ± 2.0 years. The participants' mean height was 1.70 ± 0.08 m, body weight was 56. ± 7.9 kg, and foot length was 0.26 ± 0.01 m. Only participants with no history of lower limb surgery and no pain during gait and single leg stance were included. Participant exclusion criteria included a history of neurological disorders and cardiovascular disorders.
Measurements for the current study were performed in the following order: a pre-test, reactive postural control assessment session, an exercise session, and post-test measurement. The protocol of this study is shown in Figure 5 . Participants were asked to perform a single leg stance as a measurement task in each session. Single leg stance task is one of the general assessments for balance To generate a small perturbation, it is necessary to know the contraction force generated by the PGM. Previous studies reported that the PGM contraction force was related to the stretched length and magnitude of air pressure [20, 24] . In accordance with a previous study [24] , the equation of the PGM contraction force was expressed as follows:
where F cont is the contraction force generated by the PGM. L is the displacement length of the PGM from the stretched length of the PGM to rest length of the PGM, and P is the internal air pressure of the PGM. The a, b and c of the equation correspond to the coefficients 0.08857, 0.02618, and −0.02343, respectively [24] . One male volunteer with a standard build (height; 1.71 m, weight; 59.0 kg) participated for measuring the displacement length of the PGM while wearing the wearable balance exercise device. The measurement revealed a displacement length of the PGM of 150 mm. Therefore, if the PGM of the device was contracted in a 0.2 MPa condition, the PGM generated 24.7 N per PGM.
To assess reactive postural control during a balance exercise with the proposed device, seven healthy participants (six males and one female) participated in this study. The mean age of the participants was 23.9 ± 2.0 years. The participants' mean height was 1.70 ± 0.08 m, body weight was 56. ± 7.9 kg, and foot length was 0.26 ± 0.01 m. Only participants with no history of lower limb surgery Appl. Sci. 2019, 9, 3108 6 of 14 and no pain during gait and single leg stance were included. Participant exclusion criteria included a history of neurological disorders and cardiovascular disorders.
Measurements for the current study were performed in the following order: a pre-test, reactive postural control assessment session, an exercise session, and post-test measurement. The protocol of this study is shown in Figure 5 . Participants were asked to perform a single leg stance as a measurement task in each session. Single leg stance task is one of the general assessments for balance function, and this task is frequently used for the assessment of fall prevention [25, 26] . In addition, single leg stance task is included in a clinical balance test such as berg balance test and BESTest as well as bipedal stance task. Participants were instructed to maintain their balance as consistently as possible during the single leg stance. During the single leg stance test, participants were asked to look at a sign 2 m away, which was placed at a height that corresponded to the height of their eyes, with their arms at their sides. Participants then performed a single leg stance using their dominant leg. The dominant leg was defined as the leg participants preferred to use to kick a ball [27] . To avoid the effects of auditory information, participants wore headphones and listened to music during the single leg stance in each session. In addition, all measurements were performed while participants were barefoot. The measurement task is shown in Figure 6 Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 14 leg stance in each session. In addition, all measurements were performed while participants were barefoot. The measurement task is shown in Figure 6 Figure 5. Subject's measurement task using wearable balance exercise device.
Pre-test
Single leg stance without disturbance.
Reactive postural control assessment session Subjects were disturbed their dominant leg direction during single leg stance.
Exercise session
Single leg stance with disturbance for 30 seconds, and it was repeated five times.
Post-test
Single leg stance without disturbance. The first session of the study protocol was the pre-test. Participants performed a single leg stance on their dominant leg. Five seconds after beginning the single leg stance test, acceleration data were recorded for 30 s. Next, participants were asked to perform a single leg stance while wearing the balance exercise device in the reactive postural control assessment session. Before the session began, an examiner checked the positions of the PGMs and the force generated by the trunk perturbation in each direction. In this session, participants underwent perturbation of their dominant leg direction
Single leg stance without disturbance. The first session of the study protocol was the pre-test. Participants performed a single leg stance on their dominant leg. Five seconds after beginning the single leg stance test, acceleration data were recorded for 30 s. Next, participants were asked to perform a single leg stance while wearing the balance exercise device in the reactive postural control assessment session. Before the session began, an examiner checked the positions of the PGMs and the force generated by the trunk perturbation in each direction. In this session, participants underwent perturbation of their dominant leg direction by PGMs contraction during single leg stance, with no warning. Participants then underwent an exercise session. Five seconds after beginning the single leg stance test, interventions by the balance exercise device were initiated and lasted for 30 s. PGM perturbations induced by the examiner occurred four times between 5 and 25 s. The side and timing of the perturbations were randomized. This intervention was repeated five times. If participants felt fatigued, they were allowed to rest at any time. After completion of the intervention phase, the single leg stance test was performed as a post-test under the same conditions as the pre-test.
Data Analysis
Acceleration data during the single leg stance were measured to assess the effects of the soft wearable balance exercise device and training effects. The acceleration data were collected with a 100 Hz sampling frequency and filtered with a 8 Hz cut-off, zero-phase, low-pass Butterworth filter. An IMU sensor was attached to the posterior trunk at the level of the fifth lumber spine (L5), because this level is close to the COM. The localization of L5 was defined based on two palpation techniques, based on a previous study [28] . The first technique defined L5 from the iliac crests as reference points in the standing position. The second technique defined L5 from the inferior margins of the posterior superior iliac spines as reference points in the standing position.
The peak acceleration value for the medio-lateral direction (Ax), vertical direction (Ay), and antero-posterior direction (Az) were measured to determine whether the wearable balance exercise device was able to induce perturbation in participants. Previous studies reported that postural control responses against unexpected perturbations occurred between +100 ms and +400 ms from the occurrence of the perturbation [29, 30] . In addition, it has been reported that unexpected perturbations caused a COM shift in the direction of the perturbation [23, 31] . Thus, we measured the same-and opposite-side directions of perturbation peak acceleration values as perturbation peaks (p-A; p-Ax, p-Ay, and p-Az) and response peaks (r-A; r-Ax, r-Ay, and r-Az), respectively, in the reactive postural control assessment session from 0 to +400 ms in relation to the perturbation time. Specifically, p-Ax was the dominant leg side direction, and p-Ay was the inferior direction, because the device caused bending of the dominant leg side trunk by PGM in the session. Regarding p-Az, the device had a weaker effect on the Az direction because this device mainly caused lateral side trunk bending. So, p-Az was seemingly more affected by standing position than PGMs. Thus, we measured the first peak of Az as the perturbation direction during this session. The baseline for the reactive postural control assessment session for the acceleration value was calculated in the interval from −500 ms to −10 ms before the moment of pushing the PGM contraction button. (b-A; b-Ax, b-Ay, and b-Az). The baseline peak acceleration value was calculated as an absolute value. We also set the perturbation period from the moment of pushing PGMs contraction button to 300 ms. Response period was set to 400 ms from the moment of p-A. We compared baseline peak acceleration, perturbation peak acceleration, and response peak acceleration. In addition, we compared the respective times (Tp-A; Tp-Ax, Tp-Ay, and Tp-Az. Tr-A; Tr-Ax, Tr-Ay, and Tr-Az) between each direction.
Moreover, we compared the root mean square (RMS) values of Ax, Ay, and Az in the pre-and post-test sessions to assess the effects of exercise. The acceleration data from 10 to 20 s of pre-and post-test were used for RMS calculation.
The normal perturbation of the data was verified using the Shapiro-Wilk test. A one-way repeated measures analysis of variance and multiple comparisons (Shaffer's modified sequentially rejective Bonferroni procedure) were used to compare b-A, p-A, and r-A. Paired t-tests were used to compare Tp-A and Tr-A, as well as RMS between pre-test and post-test. All statistical analyses were performed with R version 2.8.1 (CRAN, freeware). Data were presented as mean ± standard deviation. Statistical significance was set at p < 0.05.
Results
The Effects of the Balance Exercise Device Using Perturbations
The results of the reactive postural control assessment session are shown in Tables 1 and 2.  Table 1 shows the peak acceleration value, and Table 2 shows the respective times. Figure 7 shows the acceleration values for a representative participant during the reactive postural control assessment sessions. 143.7 ± 56.1 187.1 ± 247.8 75.5 ± 255.8
Average ± standard deviation. An asterisk (*, **) indicates a significant difference compared to the b-A period (p < 0.05 and p < 0.01, respectively), while a cross ( †, † †) indicates a significant difference compared with the r-A condition (p < 0.05 and p < 0.01, respectively). The dominant leg side, superior, and anterior direction were defined as positive. The dominant leg side, superior, and anterior direction were defined as positive. The thin gray vertical line shows the moment of pushing the PGM contraction button.
Tp-A Tr-A
Ax (ms) 147.1 ± 77.4 287.1 ± 84.6 ** Ay (ms) 137.1 ± 63.7 257.1 ± 69.9 ** Az (ms) 111.4 ±70.6 251.4 ± 56.4 ** Average ± standard deviation. An asterisk (*, **) indicates a significant difference compared with the Tp-A period (p < 0.05 and p < 0.01, respectively).
RMS
The RMS results during the pre-and post-test session are shown Figure 8 . The Ax RMS values of the post-test session were significantly decreased compared with the Ax RMS values of the pretest session (p = 0.037). In addition, the effect size (r) was large (r = 0.736). In contrast, no significant differences were identified for the Ay and Az RMS between the pre-test and post-test sessions (p = 0.952, and 0.883, respectively). Although the Az values exhibited a small effect size (r = 0.192), the Ay values did not exhibit a significant effect size (r = 0.025). The dominant leg side, superior, and anterior direction were defined as positive. The thin gray vertical line shows the moment of pushing the PGM contraction button.
The RMS results during the pre-and post-test session are shown Figure 8 . The Ax RMS values of the post-test session were significantly decreased compared with the Ax RMS values of the pre-test session (p = 0.037). In addition, the effect size (r) was large (r = 0.736). In contrast, no significant differences were identified for the Ay and Az RMS between the pre-test and post-test sessions (p = 0.952, and 0.883, respectively). Although the Az values exhibited a small effect size (r = 0.192), the Ay values did not exhibit a significant effect size (r = 0.025). 
Discussion
The purpose of the current study was to design a new wearable assistive device for improving balance function by generating small perturbations. To achieve this purpose, the proposed device was required to possess various features, such as a lightweight design and the ability to generate small perturbations with a small power source, enabling users to exercise easily in a range of settings. Furthermore, we investigated the training effects of using this device to improve balance function. 
The purpose of the current study was to design a new wearable assistive device for improving balance function by generating small perturbations. To achieve this purpose, the proposed device was required to possess various features, such as a lightweight design and the ability to generate small perturbations with a small power source, enabling users to exercise easily in a range of settings. Furthermore, we investigated the training effects of using this device to improve balance function.
We successfully designed a new soft wearable balance exercise device. The total weight of the proposed device was 0.9 kg, and it took less than 3 min for a beginner to attach the device. The proposed device was able to generate small perturbations without a large power source using PGMs and a small CO 2 tank. In addition, therapists and examiners are able to present balance exercise easily using the proposed device, because the direction of perturbation can be easily manipulated using the controller.
The p-Ax and p-Ay varied significantly compared with b-Ax and b-Ay. In the reactive postural control assessment session, the results revealed that the proposed device generated small perturbations on the dominant leg side and in the inferior direction, because the lateral side PGMs caused bending of the participants' trunk on the dominant leg side. In addition, trunk bending caused COM movement in the mediolateral direction. Thus, r-Ax also varied significantly compared with b-A. Regarding the time of perturbation and reaction, Tr-Ax, Ay, and Az significantly increased compared with Tp-Ax, Ay, and Az, respectively. All directions of variation from Tp-A to Tr-A were similar (average time was 133.3 ms). Previous studies reported that postural control responses against unexpected perturbations occurred between +100 ms and +400 ms from the occurrence of perturbation [29, 30] , and the timing range depended on the outcome. Muscle activity responses against unexpected perturbation have been reported to occur very early, at approximately 60 to 100 ms after perturbation [32] . The kinematic and kinetic changes against unexpected perturbation have been reported to be delayed from muscle activity responses at approximately 50 to 80 ms because of electromechanical delay [29, 33] . Another previous study reported that maximum angular displacement due to perturbation appeared from 100 to 400 ms after perturbation [30] . These time-windows were similar to those observed in the current results using acceleration data. Considering the factors discussed above and the findings of previous studies, the proposed wearable device appears to be able to create small perturbations that are appropriate for assessing reactive postural control. In contrast, Tp-Ax, Ay, and Az occurred more than 100 ms after the moment of pushing the PGM contraction button. The PGMs used in our study took approximately 150 ms to achieve maximum contraction force. Therefore, it appears that Tp-A was likely to have been greater than 100 ms for the reason discussed above.
The Ax RMS had a higher degree of non-stationarity than Ay and Az. This result was seemingly affected by the measurement task because the ML direction base of the support decrease in a single leg stance condition. ML velocity and displacement tend to increase compared to AP in a single leg stance [34, 35] . Our results were consistent with these previous studies. The Ax RMS in the post-test session was significantly decreased compared with the Ax RMS in the pre-test session. Although the exercise duration was not long, the effect size was large. RMS of the acceleration was used as the main parameter of the balance function during the balance exercise, such as single leg stance and double leg stance. Previous studies reported that older individuals with greater instability, and peripheral neuropathy patients, exhibited increased RMS values [36, 37] . Therefore, the current results suggest that the proposed wearable balance exercise device was able to improve stability using small perturbations in healthy adults.
The stronger effect on Ax RMS compared with Ay and Az RMS appears to be related to the position of the PGMs in the proposed device. A soft supporter and pelvic belt were used to support and affix the four PGMs. The PGMs of this device were attached to both sides of the acromion processes and pointed vertically down to the height of the iliac crest, to cause perturbations in the participant's trunk in four directions. This positional relationship of the PGMs caused the moment arm of left side/right side trunk bending to be longer than the moment arm of trunk flexion/extension. Thus, balance exercise using this device appeared to have a stronger effect on Ax RMS.
The present study involved several limitations that should be considered. The sample size was relatively small. Although the current results indicated that the proposed wearable balance exercise device improved postural control and stability, further investigations examining a larger number of participants will be required to establish the clinical usefulness of the device. It is also important to investigate the long term effectiveness of the device for older individuals as a future research. In addition, we did not examine the effects of changing the magnitude of the perturbation force. Further studies will be required to further develop the device, including the ability to adjust the perturbation force features.
Conclusions
In the current study, we designed a new wearable balance exercise device for generating small perturbations. To design a device that was suitable for balance exercises, several features were incorporated, including a lightweight design, the ability to generate small perturbations with a small power source, and the ability to assess reactive postural control. The total weight of the proposed wearable balance exercise device was 0.9 kg, and it took less than 3 min for a beginner to attach the device. The proposed device was able to generate small perturbations without a large power source using PGMs and a small CO2 tank.
The current results revealed that this new wearable balance exercise device was able to generate small perturbations for assessing the reactive postural control of balance. Furthermore, the proposed wearable balance exercise device was able to improve stability. Further studies will be required to develop the device further, including the ability to adjust the features of the perturbation force. 
